Introduction
The first line of active defense against pathogen attack is the intracellular innate immune response, which is triggered when host pathogen recognition receptors detect pathogen-associated molecular patterns. 1 Virus infection triggers the production and secretion of a specific set of proinflammatory cytokines, including type I interferons (IFN-a/b). The secreted cytokines induce potent antimicrobial and antiproliferative activities, referred to as the IFN response, and modulate the subsequent adaptive immune response to the invading pathogen. 2 Viruses can be recognized in a replication-independent (transmembrane-mediated) and replication-dependent (cytosolic) manner. Extracellular and inactivated viruses are recognized via their nucleic acids, for example, double-stranded RNA (dsRNA), single-stranded RNA and CpG-rich DNA by the Tolllike receptors TLR3, TLR7/8 and TLR9, respectively. 3 Replicating viruses are recognized in the cytoplasm via virus-specific dsRNA by RNA helicases encoded by the retinoic acid-inducible gene I (RIG-I) and/or melanoma differentiation-associated gene 5 (MDA5). 4 Virus recognition leads to translocation of the transcription factors nuclear factor kB and interferon-regulated factor 3 to the nucleus, where they induce type I IFN expression. Perception of IFN-b by surrounding cells leads to the production of a broad spectrum of antiviral proteins, including protein kinase R, myxovirus resistance factor, 2 0 -5 0 oligoadenylate synthase/RNaseL and dsRNA adenosine deaminase 1 that cooperatively induce the antiviral state of cells.
Another innate antiviral defense mechanism is RNA interference (RNAi). RNAi is a eukaryotic gene regulation mechanism in which small RNA molecules induce cleavage or translational repression of a target RNA. 5, 6 RNAi also serves as an antiviral defense mechanism in plants, fungi, nematodes and insects. [7] [8] [9] [10] There is accumulating evidence that this is also the case in mammals. [11] [12] [13] [14] [15] [16] [17] [18] It was shown that Drosha and Dicer knockdown enhances human immunodeficiency virus 1 (HIV-1) replication, suggesting active repression of virus replication by the RNAi machinery. 16 Furthermore, LINE-1-specific small interfering RNAs (siRNAs) have been found, indicating that the human LINE-1 retrotransposon is subjected to RNAi. 17 Moreover, virusspecific siRNAs are present in HIV-infected cells, albeit in low amounts. 11 Finally, mammalian repeat-associated microRNAs (miRNAs) have been shown to serve as a host defense against retrotransposons. 19 The key step in the induction of RNAi is the presence of dsRNA in the cytoplasm. The dsRNAs are processed by ribonuclease Dicer to yield short (21-30 nucleotides) host-derived miRNAs, piwi-interacting RNAs when derived from host transposons or siRNAs when derived from viral dsRNAs. [20] [21] [22] One strand of these short dsRNAs ends up in the RNA-induced silencing complex to target complementary RNA sequences for degradation or translational shutoff. [23] [24] [25] [26] Many research groups are developing therapeutics based on vectors expressing dsRNA to induce a potent and highly sequence-specific antiviral RNAi response in target cells. [27] [28] [29] Mammalian viruses encode IFN antagonists to counteract the IFN response. [30] [31] [32] [33] [34] A number of IFN antagonists encoded by human viruses, such as vaccinia virus E3L protein, influenza A virus NS1 protein, ebola virus VP35 protein and the HIV-1 Tat protein, are capable of suppressing RNAi in mammalian cells and hence represent RNA-silencing suppressors (RSSs). 11, 13, 14, 35 We further demonstrated that the RNAi-suppressing activity of RSSs is correlated with their ability to bind dsRNA. 13 In the arms race between virus and host, the onset of innate antiviral defense responses may be faster than the accumulation of viral antagonistic or suppressor proteins. Constitutive expression of viral suppressors in mammalian cells may therefore lead to increased virus permissiveness and higher virus titers. To test whether the production of viruses and viral gene delivery vectors can be improved in producer cells with suppressed innate immunity activity, we expressed a number of RSSs derived from human viruses and a plant virus in human cells.
Results

Increased HIV production by transient expression of RSS proteins
Expression plasmids with the constitutive human EF1a promoter were constructed that encode different viral RSS proteins: VP35, E3L, NS1 and the established suppressor protein P19 from Carnation Italian ringspot virus. 36 As negative controls, we used expression plasmids encoding humanized Renilla green fluorescent protein (hrGFP) and an NS1 variant with reduced dsRNA-binding activity (rbNS1).
12 C33A (a human cervix carcinoma cell line) and HEK293FlpIn and HEK293T (human embryonic kidney 293 cell lines) cells were co-transfected with the expression plasmids and an HIV-1 infectious molecular clone (pLAI). Viral capsid production was measured in the culture supernatant 3 days after transfection using CA-p24 enzyme-linked immunosorbent assay (ELISA) (Figures 1a-c) . We observed a significant increase in the CA-p24 production by transient expression of the NS1, E3L and VP35 protein in all three cell types compared with the controltransfected cells. Transient expression of P19 yielded a modest, but significant increase in virus production only in HEK293FlpIn cells. VP35 appeared to be the most powerful inducer, elevating HIV-1 production 4-to 10-fold. The ability of NS1 to enhance virus production depends on its ability to bind dsRNA, as the mutant rbNS1 lost most of its stimulatory activity.
To verify whether the increase in CA-p24 production correlates with an increase in the amount of virus particles that are produced, C33A cells were co-transfected with pLAI, the plasmid encoding VP35 and a plasmid encoding a GFP-Vpr fusion protein that is packaged into the HIV-1 particle, resulting in green fluorescent virus particles. 37 An increase in CA-p24 production was observed in the supernatants of cells transiently expressing VP35 (Figure 1d ). Equal volumes of the supernatants containing the fluorescent HIV-1 particles were incubated with purified immature monocyte-derived dendritic cells to visualize the immobilized particles. We consistently observed more fluorescence on the immature monocyte-derived dendritic cells that were treated with virus particles produced in the presence of VP35 compared to the control transfection ( Figure 1e) . Quantification of the number of fluorescent HIV-1 particles by scanning of the immature monocyte-derived dendritic cells showed that VP35 increased the number approximately fivefold, consistent with the increase in CA-p24 production ( Figure 1f) .
We also determined the tissue culture infectious dose of the HEK293T supernatants from Figure 1a by limiting dilution (Figure 2a ). In addition, we measured the amount of viral genome by quantitative reverse transcription (RT)-PCR with oligonucleotide primers specific for the gag-pol region of HIV-1 ( Figure 2b ). These results indicate that the increase in the amount of CA-p24 correlates with higher virus titers. The combined results indicate that more infectious HIV-1 particles are produced in the presence of RSS proteins, in particular VP35.
Increased HIV production by stable expression of RSS proteins
We generated a series of stable RSS-expressing HEK293FlpIn cell lines by Flp recombinase-mediated site-specific transgene integration. During the generation of the different cell lines, we did not observe any toxic effect or difference in growth rate due to continuous RSS protein expression. Virus production was measured upon transfection of these cells with the molecular HIV-1 clone pLAI. The HEK293FlpIn cells expressing P19, NS1, E3L and VP35 produced significantly more HIV-1 ( Figure 3a ). As expected, the cells expressing rbNS1 did not boost virus production. Similar to the transient expression experiments, HIV-1 production was stimulated maximally in cells stably expressing VP35.
Increased lentiviral vector production by stable RSS protein expression
Lentiviral vectors are derived from HIV-1 and are promising tools in several human gene therapy applications. 38, 39 One of the main limitations of lentiviral vectors for therapeutic use is the problem of large-scale production. Therefore, we tested if lentiviral vector production could be increased in these recombinant HEK293FlpIn cell lines. Cells were transfected with a lentiviral vector containing an enhanced green fluorescence protein (EGFP) reporter together with the packaging plasmids. Three days after transfection, the amount 
Virus replication is boosted in RSS-expressing cells
HEK293FlpIn cells lack the CD4 and CXCR4 chemokine receptor and thus cannot be infected by the HIV-1 LAI isolate. To investigate how a replicating virus is affected by stable RSS expression, the set of HEK293FlpIn cell lines was infected with Sindbis virus strain HR (SINV), an enveloped positive-strand RNA virus belonging to the Alphaviridae. A dramatic, more than 100-fold increase in the amount of infectious SINV particles was observed in cells stably expressing NS1, E3L or VP35 compared to control cells that express hrGFP (Figure 4a ). The P19-expressing cells showed a 50-fold increase in SINV production after 22 h. The differences became less apparent at later time points (51 h) because of massive cytopathic effects in the cultures that produce most virus.
The same results were obtained in a duplicate experiment at higher virus concentration (multiplicity of infection (MOI) 4 instead of 0.05; results not shown).
As expected, the rbNS1-expressing cells did only marginally boost virus production. cells were co-transfected with 200 ng pLAI and 800 ng plasmid P19, NS1, rbNS1, E3L and VP35. As a negative control (control). 800 ng hrGFP plasmid was transfected. Transfections were performed with Lipofectamine2000 and 1.5 Â 10 5 cells. Three days post-transfection, the supernatant was collected and CA-p24 production was measured using ELISA. The standard error bars represent the mean of at least three independent experiments (*Po0.05 versus mock-transfected cells, by Kruskal-Wallis test). (d) Visualization and quantification of HIV-1 virus particles produced in VP35-expressing cells. C33A cells were co-transfected with a plasmid encoding a GFP-Vpr fusion protein, pLAI and a plasmid encoding VP35 in a ratio of 1:1:6. Transfections were performed with Lipofectamine2000. The supernatant was collected after 3 days and virus production was measured using CA-p24 ELISA. (e) Equal amounts of virus-containing supernatant were added to immature monocyte-derived dendritic cells (iMDDs). After 2 h of capture, the HIV-1 particles were visualized using confocal microscopy. (f) HIV-1 virus particles were quantified by scanning the iMDDs and counting the amount of virus particles per cell.
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To determine whether DNA viruses are affected by stable expression of suppressors, we tested a firstgeneration adenoviral vector that lacks the E1 region (AdE1del) for its ability to replicate in the recombinant HEK293FlpIn cell lines. 40 Cells were infected with AdE1del at an MOI of 0.05, and after 6 days we observed a three-to fivefold increase in virus titers in cells stably expressing NS1, E3L or VP35 (Figure 4b ).
Discussion
We show that transient or constitutive expression of RSS proteins in human cells leads to enhanced production of lentiviral vector particles. In addition, RSS expression boosts the production of wild-type HIV-1 particles, even though this virus encodes its own RSS Tat. 11, 13 This finding suggests that the production of HIV-1 particles in cells is limited by RNAi. Apparently, the viral Tat protein cannot provide full protection against RNAi in virusinfected cells, possibly because it is synthesized too late. The stable expression of a heterologous RSS in mammalian cells may close this time window of RNAi attack on the virus and thus releases the limitation in virus production.
The production of adenoviral vectors is also improved in cells expressing an RSS. Alphaviral vectors based on Semliki Forest virus or SINV are also widely used in molecular biology, vaccine production and gene therapy. 41 The production of SINV particles was increased by approximately 100-fold. The ebola virus VP35 protein is most effective in boosting lentiviral and adenoviral vectors, whereas vaccinia virus E3L protein is most effective in boosting alphavirus replication. This may indicate that these viruses are attacked differently and that the different suppressors affect different steps of the innate antiviral pathway. Differences among the RSS proteins may be explained by differences in dsRNA binding. The plant virus P19 RSS protein did not enhance virus replication, which may be due to inappropriate intracellular localization. The precise mechanism by which these proteins suppress innate immunity responses is relatively unclear. It has been reported that the NS1 protein has multiple anti-IFN actions, for example, it prevents the activation of the 2 0 -5 0 oligoade- cell lines stably expressing RSS proteins were generated by Flp recombinase-mediated integration. These cell lines, which stably express an RSS from an identical genome position, were transfected with 200 ng pLAI using Lipofectamine2000. Virus production was measured as described in the legend to Figure 1 . The standard error bars represent the mean of three independent experiments (*Po0.05 versus mock-transfected cells, by Kruskal-Wallis test). (b) HEK293FlpIn cells stably expressing RSSs were co-transfected with a lentiviral including an EGFP expression cassette and packaging plasmids. Virus production was measured using CAp24 ELISA after 3 days. (c) To determine the titer of lentiviral vector production, equal amounts of supernatants were added to SupT1 cells and EGFP-positive T cells were scored after 3 days using fluorescence-activated cell sorting.
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W de Vries et al nylate synthase/RNaseL system by binding dsRNAs. 42 Furthermore, the dsRNA-binding protein VP35 inhibits a-/b-IFN production induced by RIG-I signaling. 43 RNAi serves as an antiviral mechanism in plants, fungi, nematodes and insects, and viruses counteract RNAi by production of RSS proteins. There is accumulating evidence for an antiviral role for RNAi in mammals. [7] [8] [9] [10] We and others have described that a number of viral IFN antagonists are capable of suppressing RNAi in mammalian cells. 11, 13 Moreover, two factors TRBP and PACT shown to be important in mammalian RNAi were in fact first described to have IFN effector functions. [44] [45] [46] [47] Recent evidence indicates that the IFN's antiviral activity is mediated by the miRNA arm of the RNAi pathway. 48 Overall, these overlaps suggest that the IFN system and RNAi pathway may act cooperatively to control virus infection. We demonstrated that the RNAi suppression activity of the NS1 protein is dependent on its ability to bind dsRNA. 13 Virus-specific dsRNAs that serve as substrates for RSSs can be replication intermediates or molecules formed after bidirectional transcription of viral genes. Another source of dsRNAs is formed by the host-encoded miRNAs. It has been shown that the replication of some retroviruses is repressed by endogenous miRNAs. 35, 49 Therefore, the virus-specific dsRNAs that activate the RIG-I/MDA5-mediated IFN response might be RNAi intermediates produced by Dicer from cellular virus-specific miRNAs, structured viral RNAs or virus-specific dsRNA replication intermediates. In addition, cellular short RNAs generated by virus-induced 2 0 -5 0 oligoadenylate synthase/RNaseL can amplify the RIG-I/MDA5-mediated IFN response to virus infection. 50 The results reported here demonstrate that inhibition of the innate immune system can be applied for improving the production of viral gene transfer vectors and wild-type, attenuated or recombinant virus particles in mammalian cell lines. Furthermore, these findings may contribute to cost reduction of clinical trials by improving the large-scale production of viral gene transfer vectors, such as retro-, lenti-, adeno-, adenoassociated, polyoma-or alphaviral vectors. In addition, expression of RSS proteins in producer cell lines can be used for improving the production of virus particles to be used for vaccination, such as influenza virus particles and cold-adapted strains thereof.
Materials and methods
Construction of expression plasmids
The pEF5-V5-dest expression plasmids (Invitrogen, Carlsbad, CA, USA) encoding influenza A virus NS1, Ebola virus VP35 and vaccinia virus E3L have been described elsewhere. 13 The Carnation Italian ringspot virus P19 and the hrGFP (Stratagene, Leiden, The Netherlands) coding sequences were cloned into pEF5-V5-dest using Gateway (Invitrogen).
Cell culture and transfections
C33A, HEK293, HEK293FlpIn and HEK293T cells were grown as a monolayer in Dulbecco's modified Eagle's medium (Gibco BRL, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (Hybond, Escondido, CA, USA), minimal essential medium, nonessential amino acids and penicillin (100 U ml À1 ) at 37 1C and 5% CO 2 . One day before transfection, cells were trypsinized, resuspended in Dulbecco's modified Eagle's medium and seeded in 24-well plates at a density of 1.5 Â 10 5 cells per well. Cells were transfected with 200 ng pLAI and 800 ng RSS expression constructs using Lipofectamine2000 (Invitrogen). Virus production was determined by measuring CA-p24 levels in the culture supernatant by ELISA.
Generation of stable FlpIn cell lines
The FlpIn system (Invitrogen) was used for site-specific integration of plasmids expressing RSS proteins. HEK293FlpIn cells were seeded at 1.2 Â 10 5 cells per well, and 24 h later transfected with 100 ng RSS or hrGFP expression plasmid plus 900 ng pOG44 using Lipofectamine2000. After 1 day, the transfection medium was replaced by medium containing 50 mg ml À1 hygromycin. The stable polyclonal cell lines were grown as a monolayer in Dulbecco's modified Eagle's medium (Gibco BRL) supplemented with 10% fetal calf serum and 50 mg ml À1 hygromycin and tested for Zeocin sensitivity.
HIV-1-GFP-Vpr virus
GFP fluorescent HIV-1 particles were produced by transfecting C33A cells with a plasmid encoding the GFP-Vpr fusion protein, 29 pLAI and the VP35 RNAi À1 values of pooled cell extracts and the supernatant from three independent experiments were determined after 6 days.
Increased virus replication in mammalian cells W de Vries et al suppressor plasmid in a ratio of 1:1:6. An hrGFP plasmid was used as a negative control. Three days after transfection, the virus particles produced in the supernatant were concentrated 20 times by centrifugation over Amicon ultrafilters (100 000 MWCO). The yield of HIV-1-GFP particles was determined post-centrifugation by viral capsid (CA-p24) ELISA and the particles were stored in aliquots at À80 1C.
HIV-1 capture
Equal volumes of C33A-produced HIV-1-GFP stocks were captured by immature monocyte-derived dendritic cells at 37 1C for 2 h. Unbound virus was removed by washing thrice in phosphate-buffered saline. Cells were seeded on pretreated poly-L-lysine-coated coverslips (1 mg ml À1 ), fixed with 3.7% paraformaldehyde for 20 min and permeabilized with 0.1% saponin, 10 mM NH 4 Cl and 2% bovine serum albumin in phosphatebuffered saline for 30 min. Nuclear DNA was stained with Hoechst 933258. Excess of Hoechst dye was removed by washing twice with permeabilization buffer, once with phosphate-buffered saline and twice with H 2 O. Cells were embedded in Vectashield and the fluorescence was analyzed by confocal microscopy.
Confocal microscopy analyses
Fluorescent images were made with a Leica DM SP2 AOBS confocal microscope with a Â 63 HCX PL APO 1.32 oil objective. Images (512 Â 512) with a pixel size of 232 nm and a step size of 340 nm were acquired with the Leica confocal image processing software with a line average of four scans and were depicted as maximum intensity protection.
Lentiviral vector production
HEK293Flp-In cells stably expressing an innate immunity suppressor (0.45 Â 10 6 ) were seeded in a six-well plate the day before transfection. The next day, the medium was replaced with 3.0 ml medium without antibiotics. Subsequently, lentiviral vector plasmid (0.6 mg) was co-transfected with packaging plasmids according to the Virapower Lentiviral expression system protocol (Invitrogen). SupT1 cells were infected with dilution series of lentiviral vector stocks to determine the transduction titer. Three days post-infection, cells were analyzed with fluorescence-activated cell sorting to detect EGFP-positive cells.
Limiting dilution assays
HIV-1 tissue culture infectious dose 50% per milliliter (TCID 50 ml
À1
) determination was performed using supernatants of three independent experiments from pLAI-transfected HEK293T cells. Virus titers were determined on SupT1 cells. HEKFlpIn cells were infected with SINV at an MOI of 0.05. At 0, 22 and 48 h, supernatants from three independent experiments were collected and pooled. The virus titer (TCID 50 ml
) was determined by end-point titration on HEK293T cells. HEKFlpIn cells were infected with a first-generation adenoviral vector AdE1del at an MOI of 0.05. At 6 days, cells and pooled supernatant of three independent experiments were subjected to three cycles of freezing and thawing to release intracellular virus. Virus titers were determined by end-point titration on 911 cells. -6FAM-TGCACTGG  ATGCACTCTATCCCATT-TAMRA-3 0 . Primers were empirically tested for detection of both HIV-1 RNA and HIV-1 DNA.
HIV-1-transfected HEK293T cells were lysed in guanidine thiocyanate buffer. For the quantitative HIV-1 RNA/DNA assay, 2.5 Â 10 5 cells were used and nucleic acids were isolated by a silica-based method. The RT reaction was carried out in duplicate according to the ABI Taqman reverse transcription reagents kit (ABI). Each RT reaction contained 1 ml of 10 Â RT buffer, 2.2 ml MgCl 2 (25 mM), 2 ml dNTPs (10 mM) 1.5 ml random hexamers (50 mM), 0.2 RNase inhibitor (20 U ml À1 ), 0.35 ml multiscribe RT (50 U ml À1 ), 0.35 ml H 2 O and 2.5 ml sample eluate ( ¼ 10 000 cell equivalents). The RT reaction started with 10 min 25 1C, 30 min 48 1C and 5 min 95 1C. The PCR was performed using Platinum Quantitative PCR Supermix UDG (Invitrogen). Each reaction contained 10 ml RT reaction (for detection of unspliced HIV-1 RNA) or 10 ml eluate ( ¼ 40 000 cell equivalents for detection of HIV-1 DNA) and 40 ml of PCR mixture consisting of 25 ml supermix, 3.6 mM MgCl 2 , 0.9 mM forward primer and reverse primer, 0.2 mM Taqman probe and 1 ml ROX reference dye (50 Â concentration). PCR conditions consisted of an activation step of UDG (2 min, 50 1C), activation of Platinum Taq DNA polymerase (10 min, 95 1C) followed by 45 cycles of 15 s at 95 1C and 1 min at 60 1C.
Serial diluted HIV-1 virus particles, in vitro-transcribed HIV-1 RNA or plasmid HIV-1 DNA was also subjected to the above RT-PCR or PCR to obtain standard curves. The standards obtained for RNA and DNA were very similar: RNA standard: y ¼ À1.422 ln(x)+40.387 versus DNA standard: y ¼ À1.404 ln(x)+40.202.
A control real-time PCR on the human b-actin mRNA was performed with 5 ml (20 000 cell equivalents) sample eluate according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). The b-actin reaction conditions were the same as described above, except for the primer and probe concentrations (0.3 mM forward and reverse primers and 0.2 mM Taqman probe). A standard curve from 1.67 Â 10 2 to 1.67 Â 10 4 copies of b-actin included in the kit was used as input (r 2 40.99). The average C t value for the b-actin was 22.5 ± 0.52. The lower limit of detection is 25 copies of HIV-1 and 5 copies of HIV-1 DNA. Samples were considered negative if the C t value exceeded 45 cycles.
Statistical analysis
The differences between groups were tested with the Kruskal-Wallis nonparametric ANOVA and multiple comparison of groups.
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